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Abstract
This study reports the synthesis of pure ZnFe2O4, pure Mn2O3 nanoparticles and ZnFe2O4/Mn2O3 nanocomposites by a simple 
coprecipitation method. The prepared samples were characterized by X-ray diffraction, transmission electron microscopy, N2 
adsorption/desorption, and photoluminescence spectroscopy (PL). The prepared samples were further applied as photocata-
lysts for UV-exposed degradation of nitrobenzene at 254 nm. The photocatalytic performance showed that ZnFe2O4/Mn2O3 
nanocomposites with various Mn2O3 content exhibited a higher activity compared to that of pure ZnFe2O4 and Mn2O3. Fur-
thermore, among the prepared nanocomposites, the best photocatalytic performance was exhibited by 0.9ZnFe2O4/0.1Mn2O3 
nanocomposites. The improved photocatalytic activity was mainly attributed to the separation of electron–hole pairs, as veri-
fied by PL analysis. To achieve the highest degradation rate, the photodegradation reaction was carried out in the presence of 
various catalyst doses, in acidic, neutral, and basic mediums and at different reaction temperatures. Finally, the compounds 
produced from the photodegradation reaction were determined by applying the optimal experimental conditions.
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1  Introduction

Nitrobenzene (NB), categorized as a hazardous pollutant by 
World Health Organization (WHO), is extensively used in 
the fabrication of several products such as perfumes, dyes, 
plastics, pharmaceuticals, explosives, and pesticides [1–3]. 
The level of nitrobenzene recommended by the Environ-
mental Protection Agency should be restricted to 17 ppm 
in streams and lakes to avoid health effects that might 
occur as a result of drinking contaminated water or eating 

contaminated fish [4]. Furthermore, due to the strong elec-
tron affinity of its nitro group, NB is resistant to biological 
degradation and chemical oxidation [5, 6]. Thus, it is being 
accumulated in water and its removal is highly desirable. 
Among several techniques used in removing toxic organic 
pollutants from water, photocatalytic degradation is consid-
ered a powerful and promising advanced oxidation technique 
in wastewater treatment [7, 8]. The process of heterogeneous 
photo-catalysis involves several steps [9]; first, the reactants 
diffuse to the surface of the catalyst, and then the reactant 
molecules get adsorbed on the surface of the catalyst. After 
the adsorption process, the chemical reaction takes place on 
the catalyst’s surface. Afterward, desorption of the reaction 
products from the catalyst surface takes place. Finally, the 
catalyst surface becomes available again for more reactions 
to occur.

The synthesis of an efficient semiconductor-based photo-
catalyst has gained the great interest of many research-
ers. Besides, several factors affect the catalytic activity of 
nanomaterials such as the electronic structure, morphol-
ogy, particle size and light intensity [10, 11]. Among these 
aspects, the excessive recombination of electron/hole pair 
and the low quantum efficacy are considered significant 
limitations that restrict the photocatalytic performance of 
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nanoparticles [12]. Hence, as reported by several studies, 
doped and nanocomposites showed improved photocatalytic 
performance compared to that of pure nanoparticles. For 
example, improved photocatalytic degradation of methylene 
blue was achieved by Ag and Fe co-doped TiO2 compared 
to that of singly doped and pure TiO2 nanoparticles [13]. 
The superior photocatalytic activity of ZnFe2O4-rGO het-
erojunction in the degradation of malachite green dye was 
attributed to the high surface area, small particle size and 
extended light absorption [14]. In addition, ZnFe2O4@ZnO 
nanocomposites showed an improved photocatalytic activity 
where 94.85% of Congo red dye was degraded under solar 
light irradiation for 180 min [15].

Nanocomposites (NCs), produced by combining two 
or more semiconductors, are characterized by improved 
separation of electron/hole pairs [16, 17]. In other words, 
when NCs are irradiated by light with sufficient energy, 
the migration of photogenerated electrons from the more 
negative conduction band of a semiconductor to the more 
positive conduction band of the other takes place along with 
the migration of the holes in the opposite direction between 
valence bands of the semiconductors [18]. Thus, the move-
ments of the electrons and holes between the combined sem-
iconductors intensely reduce their recombination which in 
turn improves the photocatalytic activity.

The improved properties of spinel ferrites, mainly 
ZnFe2O4 nanoparticles, including the optical and magnetic 
properties, stability, and presence of various photo-active 
sites, allow its application as a potential photocatalyst [19, 
20]. However, the fast recombination process of the electron/
hole pair restricts its photocatalytic performance [21, 22]. 
Hence, ZnFe2O4 is combined with metal oxides to overcome 
this issue, creating heterojunction with superior photocata-
lytic activity. To serve this purpose, different weight ratios 
of ZnFe2O4 and Mn2O3 were combined and unique proper-
ties were revealed by previously prepared ZnFe2O4/Mn2O3 
mixed metal oxide nanocomposites. This study aims to 
evaluate the photocatalytic activity of these nanocomposites 
and their effectiveness in the degradation of NB under UV 
light. Furthermore, the optimum operating parameters are 
determined by estimating the influence of catalyst dose, the 
pH of the solution and the temperature on the reaction rate.

2 � Experimental Methodology

2.1 � Preparation of (1 − x) ZnFe2O4/xMn2O3 NCs

Pure NPs and NCs were synthesized using highly pure 
materials (purity > 98%) and according to the known pro-
cedure [23]; the coprecipitation technique was performed 
in the synthesis of ZnFe2O4 capped with polyvinyl pyrro-
lidone (PVP, Mw ~ 29,000) and Mn2O3 nanoparticles using 

a precipitating agent of 4 M sodium hydroxide (NaOH) solu-
tion. Besides, the properties of ZnFe2O4 nanoparticles were 
improved by using a PVP solution of 1.03 × 10−3 M [24]. 
After dehydrating the pure NPs at 373 K for 20 h, different 
weight ratios of PVP-capped ZnFe2O4 and Mn2O3 NPs were 
joined by the ball milling method for the preparation of (1 
− x) ZnFe2O4/xMn2O3 NCs where x represents the weight 
fraction (0.1 ≤ x ≤ 0.5). Lastly, calcination of pure NPs and 
NCs was performed for 5 h at 873 K.

2.2 � Characterization of Samples

To examine the crystalline phases of the prepared samples, 
the XRD patterns were obtained using a D8-advance (Bruker 
AXS) diffractometer with λ = 1.54056 Å in the range of 20° 
≤ 2θ ≤ 80°. For the morphology and crystalline size analy-
sis, TEM images were attained by a high-resolution JEM 
100CX functioned at 80 kV. A fluorescence spectrometer 
(FP8300) was used to analyze the PL spectra with an exci-
tation wavelength λext = 330 nm recorded between 1.9 and 
3.5 eV at room temperature. The surface area, pore size, 
and pore volume of the samples were estimated via a sur-
face area analyzer from Micromeritics Instrument Corp., a 
3Flex high-resolution analyzer. The zeta potential, deter-
mined by Dynamic Light Scattering DLS and Zeta Potential 
(Micromeritics, Q2000), was measured in acidic, neutral, 
and basic mediums.

2.3 � Photocatalysis Investigations

Photodegradation experiments were done in a photoreactor 
designed with UV lamps (λ = 254 nm). To determine the 
sample with the superior catalytic activity, 20 mg of each 
sample was mixed with NB solution (50 ppm, 200 mL) at 
303 K. To attain the adsorption–desorption equilibrium, the 

Fig. 1   Experimental and fitted XRD patterns of ZnFe2O4 NPs, 
Mn2O3 NPs, and ZnFe2O4/Mn2O3 NCs
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mixtures were stirred for 30 min in the dark before being 
irradiated with UV light. The influence of catalyst dose, 
pH of the solution and temperature on the reaction rate was 
studied. It is worth mentioning that a few drops of 0.5 M 
HCl and NaOH were added to adjust the pH value at 4 and 
9, respectively knowing that the initial pH of NB solution is 
6.7. The rate constant of the photodegradation reaction was 
valued by plotting Ct/C0 vs irradiation time (min), where Ct 
and C0 are the NB concentrations at time t and t = 0, respec-
tively. At a predetermined time interval, 3 mL of the reac-
tion solution was extracted and examined at 278 nm via a 
UV–Vis (Specord 200) spectrophotometer.

2.4 � Examination of the Products

The products of the photodegradation reaction were ana-
lyzed using the Gas Chromatography–Mass Spectrometry 
(GC/MS) technique recorded on a Shimadzu instrument 
GCQP-2010 equipped with a C18 column of length 30 m, 
an inner diameter of 0.25 mm, and film thickness of 5 μm. 

The program applied for the samples’ analysis is as denoted: 
Helium was used as a carrier gas with a 1 mL/min flow rate. 
The temperature of the column started for 3 min at 343 K, 
then raised with a rate of 313 K/min until reaching 553 K, 
with a 7 min hold time. The detector and injector tempera-
tures were 553 K and 525 K, respectively. Dichloromethane 
was used for sample extraction with a 1:2 solvent-to-sample 
ratio. The Total Organic Carbon analyzer (Shimadzu TOC-L 
analyzer) was used to measure the total organic carbon 
(TOC) content. The TOC analysis is done by a catalytic 
oxidation combustion technique where a high temperature 
(680 °C) is applied to convert organic carbon into CO2. The 
CO2 generated by oxidation is measured with a non-disper-
sive infrared sensor. At t = 0, 30, 120 and 180 min, 15 mL of 
the reaction solution was extracted and filtered to remove the 
catalyst nanoparticles. The TOC removal % was determined 
by applying the following formula:

Table 1   Summary of characterization results of (1 − x)ZnFe2O4/xMn2O3 as x ranges between 0 and 1 [23]

x (wt. fraction) Structural properties Optical properties Magnetic properties

DXRD (nm) DTEM (nm) Eg (eV) EU (eV) Ms (emu/g) Mr × 10–3 (emu/g) Hc (Oe)

ZnFe2O4 Mn2O3

0 21.0 ± 0.7 – 27 2.88 0.61 3.40 0.426 1.547
0.1 20.7 ± 0.9 27.9 ± 0.7 19 3.26 0.37 5.56 3.10 1.463
0.2 20.2 ± 1.4 26.8 ± 3.5 16 3.25 0.38 3.08 13.60 13.188
0.3 21.0 ± 2.2 27.1 ± 2.4 17 3.24 0.43 2.33 15.10 22.005
0.4 19.9 ± 1.6 26.1 ± 1.8 19 3.22 0.45 2.82 17.80 10.092
0.5 17.0 ± 1.5 28.9 ± 2.6 19 3.23 0.44 2.36 12.70 12.117
1 – 26.7 ± 0.9 25 1.51 1.44 1.67 1.42 6.239

Fig. 2   TEM images and particle size distribution of a ZnFe2O4 and b Mn2O3 NPs
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Fig. 3   TEM images and particle size distribution of (1 − x) ZnFe2O4/xMn2O3 NCs with various wt. fraction x
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where [TOC]0 and [TOC]t are the TOC content (ppm) meas-
ured at t = 0 and any time t, respectively. DR 3900 (Hach) 
spectrophotometer was used to determine the change in the 
concentration of the nitrate ions during the degradation reac-
tion. At a predetermined time interval, 10 mL of the reac-
tion solution was extracted and filtered. Then, the sample 
was prepared according to the following procedure. First, 
10 mL of the sample was placed in the sample cell. Then, the 
contents of one nitrate reagent powder pillow were mixed 
with the sample. After shaking the sample cell for 1 min, 
the 5 min reaction time of the sample with the reagent took 
place. When nitrate is present in the sample, an amber color 
appears. A blank sample was prepared by adding and mix-
ing the nitrate reagent with 10 mL of deionized water. After 
that, the spectroscopic measurement is done at a wavelength 
of 500 nm. The concentration of nitrate ions is determined 
by the cadmium reduction method. In other words, the rea-
gent used to determine the nitrate ions contain cadmium. 
Cadmium metal is used to reduce nitrates (NO3

−) to nitrites 
(NO2

−). Afterward, the nitrite ions react with sulfanilic 
acid to form an intermediate diazonium salt which in turn, 
when coupled with gentisic acid, forms an amber-colored 
compound. The color intensity of the compound is directly 
proportional to the nitrate concentration.

TOC removal % =

[

TOC]0−
[

TOC]
t

[TOC]0
× 100,

3 � Results and Discussion

3.1 � Characterization of Nanocomposites

The NCs used in this study were prepared and characterized 
in our previous work [23]. Table 1 summarizes the struc-
tural, optical, and magnetic properties. The XRD results of 
the prepared samples are illustrated in Fig. 1. All diffrac-
tion peaks of the pattern for the pure Mn2O3 and ZnFe2O4 
samples are in good agreement with the standard data ICSD 
card no. 9007520 and 9005110, respectively. Furthermore, 
the nonexistence of any additional peak in the XRD results 
of the pure samples ensures their high purity. However, as 
the Mn2O3 weight fraction increases from 0.1 to 0.5 in the 
nanocomposites, secondary phases referred to as ZnMn2O4 
and α-Fe2O3 appear. Thus, Mn2O3 plays a significant role in 
deteriorating the ZnFe2O4 phase which leads to the appear-
ance of secondary phases. In addition, ZnMn2O4 is more 
favorable to be formed at a high calcination temperature such 
as 773 and 873 K [25].

The TEM images and particle size distribution of pure 
NPs and ZnFe2O4/Mn2O3 NCs with different wt. fractions 
are represented in Figs. 2 and 3. The spherical shapes of pure 
ZnFe2O4 NPs with a mean particle size of about 27 nm can 
be seen in the TEM images depicted in Fig. 2a. Whereas, the 
morphology of the pure Mn2O3 NPs, represented in Fig. 2b, 
is composed of a cubic structure with a mean particle size 
of about 25 nm. As Mn2O3 content increases, both spherical 
and cubic shapes besides the cluster-like morphology appear 
in TEM images of ZnFe2O4/Mn2O3 NCS (Fig. 3a–e). Fur-
thermore, the magnetic dipole interaction is revealed by the 
aggregation of nanoparticles [26]. The mean particle size of 

Fig. 4   Variation of surface area, 
pore volume, and pore radius 
of ZnFe2O4/Mn2O3 NCs with 
different weight fractions
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the NCs, denoted in Fig. 3 and Table 1, ranges between 16 
and 19 nm as the wt. fraction rises from 0.1 to 0.5.

The surface area analyzer was used to examine the sur-
face area, pore volume, and pore radius of the prepared 
samples. The variation of surface area, pore radius, and 
pore volume with Mn2O3 content is represented in Fig. 4. 
In addition, Fig. 5 and its insets display the N2 adsorption/
desorption isotherms and plots of the pore size distribution 
of pure ZnFe2O4, pure Mn2O3 and series of (1 − x) ZnFe2O4/
xMn2O3, respectively. Referring to the IUPAC classification, 
all samples exhibited an isotherm of type V and H3 type 
hysteresis loop [27]. As the content of Mn2O3 increases from 

0.1 to 0.5, the BET surface area (SBET) decreases from 20 
to 11 m2/g, respectively. This might be due to the smaller 
BET surface area of pure Mn2O3 (8 m2/g) compared to that 
of pure ZnFe2O4 (28 m2/g). Consistently, the pore volume, 
ranging between 0.13 and 0.06 cm3/g, is diminished in the 
NCs knowing that the pore volume of Mn2O3 and ZnFe2O4 
is 0.02 cm3/g and 0.19 cm3/g, respectively. Therefore, the 
combination of Mn2O3 with ZnFe2O4 reduces the pore vol-
ume and surface area. As well, the mesoporous structure of 
the synthesized samples is revealed by the pore radius that 
ranges between 60 and 254 Å.
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3.2 � Catalytic Performance of (1 − x) ZnFe2O4/
xMn2O3

The photo-degradation of NB without a catalyst indicated 
that after 240 min of irradiation under UV light only 22% of 
nitrobenzene was degraded. The photocatalytic performance 
of pure NPs and NCs with various Mn2O3 content in the 
degradation of NB from an aqueous solution was examined. 
All experiments were performed at pH = 6.7 and T = 303 K, 
catalyst amount = 20 mg and UV radiation time of 240 min. 
The catalytic efficiency of the prepared samples in the degra-
dation of NB was evaluated by determining the NB concen-
tration vs. irradiation time in all samples [28]. The obtained 
kinetic curves were linearized by first-order reaction and 
are presented in Fig. 6. As shown in Fig. 7a, ZnFe2O4/
Mn2O3 NCs show superior photocatalytic performance 
compared to that of pure Mn2O3 and ZnFe2O4 NPs. Hence, 
the combination of various weight fractions of ZnFe2O4 
with Mn2O3 leads to the formation of photocatalysts with 
enhanced catalytic activity. However, among the prepared 
nanocomposites, 0.9ZnFe2O4/0.1Mn2O3 revealed the highest 
photocatalytic activity knowing that 94% of NB was trans-
formed after 240 min. It is worth mentioning that improved 
catalytic performance in the photodegradation of NB under 
UV radiation was exhibited by 0.7ZnFe2O4/0.3NiO NCs 
(k = 12.4 × 10–3 min−1) as reported in a previous study [29].

It is well known that when a semiconducting photo-
catalyst is irradiated with light with energy that is equal 
to (or greater) than its bandgap energy, the semiconductor 
absorbs the light, and excitation of valence band electrons 
to the conduction band occurs; thus, a positive hole in the 
valence band is generated. After that, several pathways can 
be followed by valence-band holes and the excited state 

conduction-band electrons known as electron–hole pairs. 
Either the recombination of the electron–hole pair can occur, 
or the migration of electrons and holes to the adsorbed 
organic or inorganic species to the solvent from the surface 
of the semiconductor takes place. Subsequently, the recom-
bination of electron–hole pairs, inspected by the intensity of 
PL emission, reduces the photocatalytic activity of the semi-
conductor. From here, the PL examination was carried out at 
excitation wavelength λext = 330 nm and room temperature to 
evaluate the differences in photocatalytic degradation of NB 
between the prepared samples. As shown in Fig. 8, numer-
ous peaks in the visible and UV range are detected in the PL 
spectra of the prepared samples. Peaks, located in the visible 
range mainly at 470 nm (2.64 eV) and 425 nm (2.92 eV), 
might be referred to as defect-related emissions owed to the 
presence of oxygen vacancies and intrinsic imperfections. 
Though, the peaks found in the UV region mainly located at 
372 nm (3.35 eV) and 388 nm (3.19 eV) are attributed to the 
recombination of the conduction band electrons (e−

cb) with 
the valence band holes (h+

vb). Noticeably, all NCs exhibit 
lower PL intensity compared to pure NPs. Furthermore, 
as the wt. fraction of Mn2O3 rises from 0.1 to 0.5, and the 
intensity of PL peaks rises as well. Thus, the recombination 
rate of the electron–hole pair increase as well. As a result, 
the photocatalytic activity of NCs is in good agreement with 
PL results since 0.9ZnFe2O4/0.1Mn2O3 NCs revealed the 
highest photocatalytic activity and have the lowest recombi-
nation rate of electron–hole pair. To further understand the 
separation mechanism of the photogenerated electron–hole 
pair, the energy of the conduction band (Ecb) and the valence 
band (Evb) were determined and represented in Fig. 9, using 
the following formulas [30]:

Eg standing for the band gap energy of ZnFe2O4 and 
Mn2O3 NPs, listed in Table 1, is 2.88 eV and 1.51 eV, 
respectively [23]. Moreover, x represents the absolute elec-
tronegativity of Mn2O3 (5.92 eV) and ZnFe2O4 (5.05 eV) 
and EC is the energy of free electrons on the hydrogen scale 
and is 4.5 eV [31, 32]. After the generation of electron–hole 
pair as a result of being irradiated with light, electrons will 
be transferred from the conduction band of ZnFe2O4 to that 
of Mn2O3 whereas holes will be transferred from the valence 
band of Mn2O3 to that of ZnFe2O4. Thus, the electron–hole 
pair is separated and its recombination rate is reduced.

The efficient photodegradation of nitrobenzene 
accomplished in this study is comparable with the 
previously reported studies, summarized in Table  2. 

Ecb = x − EC −
1

2
Eg

Evb = Ecb + Eg
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Fig. 6   First-order kinetic plot for the photodegradation reaction of 
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Improved photocatalytic performance is exhibited by 
0.9ZnFe2O4/0.1Mn2O3 (94%) compared to that of pure 
Mn2O3 (80%) and ZnFe2O4 (87%). Hence, the photocatalytic 
activity is improved by combining Mn2O3 with ZnFe2O4. 
Furthermore, doping and the formation of nanocomposites 
have proven to be effective methods that enhance photo-
catalytic activity. For example, the doping of TiO2 with 
Fe, Co, and Ni revealed an improved catalytic performance 
in the degradation of NB [5]. Furthermore, an enhanced 
catalytic activity is exhibited by ZnFe2O4 NPs compared 
to pure ZnFe2O4 in a previously published work where the 
photocatalytic experiments were implemented under alike 
conditions [33]. This may be referred to as the usage of a 
different preparation technique which in turn affects the 
properties of the synthesized samples. Compared with the 

photocatalytic activity of NPs reported in previous studies, 
0.9ZnFe2O4/0.1Mn2O3 NCs reveal a similar or better degra-
dation percent. Hence, 0.9ZnFe2O4/0.1Mn2O3 photocatalyst, 
prepared by coprecipitation technique, has an efficient role 
as effective as the photocatalysts represented in the literature 
in the degradation of NB.

3.2.1 � Effect of Catalyst Dosage

After choosing the nanocomposite with enhanced photo-
catalytic activity, it is essential to identify the optimal cata-
lyst dosage. Since the catalyst dosage plays an important 
role in the reaction, different catalyst amounts of the 0.1 
wt. fraction Mn2O3 catalyst (10, 15, 20, 25 and 30 mg) was 
added to 200 mL of 50 ppm NB solution. As it is clear from 
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Figs. 7b and S1, as the catalyst dose increases from 10 to 
25 mg, the rate constant of the degradation reaction rises 
from 9.5 × 10–3 to 12.2 × 10–3 min−1. Thus, increasing the 
catalyst dosage leads to the increase of active sites confirm-
ing the positive influence of the reaction rate. In other words, 
as the catalyst amount increases, the active sites located at 
the catalyst surface are boosted. Therefore, more photons are 
absorbed by the catalyst which in turn increases the genera-
tion of electron–hole pairs. Whereas, the further increase 
of the catalyst to 30 mg reduces the rate constant of the 
reaction to reach 6.5 × 10–3 min−1. The diminishing in the 
rate of the degradation reaction may be attributed to the 
scattering of the UV light and turbidity effects occurring 
in the presence of an excess amount of catalyst. This, in 
turn, prevents the penetration of UV light into the reaction 

mixture. In addition, it should be pronounced that the reduc-
tion in the degradation efficiency might be also associated 
with the agglomeration of the particles in the presence of 
excess amount of catalyst. Knowing that the agglomeration 
of particles reduces the number of active sites [40]. Based on 
the represented data, the optimal catalyst dosage is 25 mg. 
Similar behavior was reported by Ahmadi et al. [41]. The 
results revealed that increasing the catalyst dosage above 
0.4 g L−1 reduced the rate of the degradation reaction of 
NB which was studied in the presence of CoFe2O4–ZnO 
nanocomposite.

3.2.2 � Effect of pH

Since the pH of the solution plays an important role in the 
photocatalytic degradation of NB, its effect was examined in 
different mediums. Thus, the pH of the 50 ppm NB solution 
was adjusted at 4.0, 6.7, and 9.0 and mixed with 20 mg of 
0.9 Znfe2O4/0.1 Mn2O3 NCs at 303 K with irradiation time 
up to 240 min. As shown in Figs. 7c and S2, the rate constant 
rises from 8.4 × 10–3 to 11.7 × 10–3 min−1 as pH increases 
from 4 to 6.7, whereas it decreases to 7 × 10–3 min−1 with 
further increase in the pH to reach 9. Thus, the most effective 
NB degradation is achieved in a neutral medium where pH is 
6.7. It is worth mentioning that the influence of pH is related 
to the charge of the catalyst’s surface and the point of zero 
charges [42]. Hence, the zeta potential of 0.9 ZnFe2O4/0.1 
Mn2O3 catalysts in the pH range between 2 and 12 was esti-
mated and the results are represented in Fig. 10. The point 
of zero charges (PZC) of the catalyst is 6.75. Furthermore, in 
the case of a pH value between 2 and 6 which is smaller than 
the PZC (6.75), the majority of the surface species on the 
catalyst are positively charged whereas when the pH value is 
greater than the PZC (6.75), the negative form of the catalyst 
is more likely to exist. In this study, the photocatalytic degra-
dation reaction with the highest rate constant is achieved in a 
neutral medium having a pH value near PZC. Consequently, 
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the best interaction between NB and the catalyst occurs in 
a neutral medium where the catalyst’s surface is uncharged. 
Similar results were reported for the maximum value of the 
NB degradation rate achieved in a neutral medium [5].

3.2.3 � Influence of Temperature

The degradation reaction rate exhibited a positive ten-
dency on the reaction temperature as shown in Figs. 7d 
and S3. The following reaction conditions were applied 
by mixing 0.9ZnFe2O4/0.1Mn2O3 nanocatalyst (20 mg) 
with NB solution (50 ppm, 200 mL) in a neutral medium 
(pH 6.7) with an irradiation time of 240 min at tempera-
tures of 303, 313 and 323 K. The obtained results revealed 
that increasing the reaction temperature will increase the 

NB degradation rate. For example, the NB degradation % 
achieved at 180 min corresponding to 303, 313 and 323 K 
was 87.7%, 95.8%, and 99.7%, respectively. Generally, the 
change in the reaction temperature can slightly affect the 
activation energy of the photocatalysis reaction [43, 44]. 
However, consecutive oxidation–reduction reactions that 
influence both the adsorption equilibrium and collision 
frequency of molecules might be most affected by tem-
perature. Then, the reason for this observation might be 
referred to as the increased number of electrons that are 
transmitted from the valence band to the higher energy 
band (conduction band) and consequently generating addi-
tional electron–hole pairs. Accordingly, additional redox 

Table 2   Comparing the 
photocatalytic performance 
of 0.9ZnFe2O4/0.1Mn2O3 
nanocatalyst in 
photodegradation of NB 
with previously published 
reports implemented at alike 
experimental conditions

NB conc. Catalyst Catalyst conc. Radiation Deg. % Time (h) References

50 ppm ZnFe2O4
TiO2
ZnFe2O4–TiO2

– UV 73
77
70

4 [33]

50 ppm MgFe2O4
MnFe2O4

200 ppm UV 85
88

4 [34]

50 ppm TiO2/SiO2/NiFe2O4 1000 ppm UV 100 5 [35]
50 ppm SrFeO3-δ 1 g/L UV 99 6 [36]
2.52 × 10–4 M Fe–TiO2

Co–TiO2
Ni–TiO2

100 ppm 320–500 nm 84.9
81
78.5

2 [5]

50 ppm Graphitic carbon–TiO2 200 ppm UV 96 4 [37]
15 ppm ZnO2 30 ppm UV 97.5 2 [38]
50 ppm Bi/Zn doped TiO2 – UV 90 1.5 [39]
50 ppm 0.7ZnFe2O4/0.3NiO 100 ppm UV (254 nm) 95 4 [29]
50 ppm ZnFe2O4

Mn2O3
0.9ZnFe2O4/0.1Mn2O3

100 ppm UV (254 nm) 87
80
94

4 This study

Fig. 10   Zeta potential of 0.9 ZnFe2O4/0.1 Mn2O3 NCs measured in 
various mediums where the pH value ranges between 2 and 12

Fig. 11   The dispersion of 0.9ZnFe2O4/0.1Mn2O3 nanocatalyst a 
before and b after applying an external magnetic field
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reactions will be initiated as a result of the production of 
electron–hole pairs. It is important to mention that the 
electrons (e−

cb) and holes (h+
vb) produced in the con-

duction and valence band respectively, in addition to the 
hydroxyl radicals (OH·) are responsible for transforming 
the organic pollutant (NB) into intermediates and degrad-
ing the intermediates into CO2, H2O, and other residues. 
Similar behavior for the influence of increasing the reac-
tion temperature on the photodegradation of nitrobenzene 
in the presence of Fe–Cu catalyst was reported [45].

3.2.4 � Thermodynamic Parameters

The activation energy, enthalpy, entropy, and Gibbs free 
energy of the reaction were estimated through the appli-
cations of the Arrhenius equation and the transition state 
theory. To determine the activation energy of the reaction, 
the logarithmic form of the Arrhenius equation is applied 
as follows:

where k represents the rate constant (min−1), Ea is the 
activation energy (J  mole−1), A the Arrhenius factor, 
T is the temperature (K) and R is the ideal gas constant 
(8.314 J K−1 mol−1). The fit of ln k versus 1/T, represented 
in Fig. S4, exhibited a high correlation coefficient value 
(R2 = 0.999) with Ea = 30.1 kJ mol−1. Besides, by plotting 
ln k/T versus 1/T as displayed in the inset of Fig. S4, the 
entropy (∆S) and enthalpy (∆H) and were valued from the 
following equation:

ln k/T versus 1/T displayed a high correlation coeffi-
cient value (R2 = 0.998) where ∆H and ∆S were calcu-
lated from the slope and intercept as 27.5 kJ mol−1 and 
6.1  J  mol−1  K−1. Greater activation energy and lower 
enthalpy and entropy values were reported [33]. Thus, the 
degradation of NB increases the disorder. In other words, 
NB is transformed into more disordered products. Moreo-
ver, Gibbs free energy (∆G) was valued as 29.3 kJ mol−1 
based on the equation stated below:

3.2.5 � Magnetic Separation and Reusability 
of 0.9ZnFe2O4/0.1Mn2O3 Nanocatalyst

Catalyst separation and reusability are important prop-
erties in photocatalysis and play an important role in its 
practical usage. Magnetic separation, among the different 
methods used for removing catalysts, not only excludes the 
need for catalyst filtering or centrifugation once the reac-
tion is complete but also provides a feasible method for 
recycling magnetic nanocatalysts. Therefore, owing to its 
magnetic properties, 0.9ZnFe2O4/0.1Mn2O3 nanocatalyst 
can be easily separated by using a magnet as shown in 
Fig. 11. To examine the stability of 0.9ZnFe2O4/0.1Mn2O3 
nanocatalyst, the reusability of the prepared sample was 
examined. To do so, the nanocatalyst was separated from 
the solution by a magnet and used again. As shown in 
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Fig. 12   Reusability of 0.9ZnFe2O4/0.1Mn2O3 nanocatalyst
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Fig. 12, the nanocatalyst can be used in 5 consecutive 
cycles in the photodegradation of NB without a significant 
loss in its activity. However, in the sixth cycle, the degra-
dation % of NB is reduced by 5%. Thus, the nanocatalyst 
starts to lose its activity after cycle 5. The decrease in the 
degradation % can be attributed to the loss of nanocata-
lysts during the magnetic separation. Furthermore, it is 
known that the interparticle interactions is altered upon 
the reusability process of the nanocatalysts. Consequently, 

the magnetic properties and stability of the nanocatalyst is 
reduced. This, in turn, reduces the catalyst recovery and 
the catalytic effectiveness. Similar results are reported in 
previous studies [46, 47].

3.2.6 � Examination of the Products

The optimal experimental conditions, mainly 25 mg of 
0.9ZnFe2O4/0.1Mn2O3 nanocatalyst, neutral medium (pH 

Fig. 14   GC/MS analysis for NB samples withdrawn at a t = 0 and b t = 180 min
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Fig. 15   The change of the nitrate ions concentration and the TOC 
removal percentage versus irradiation time

Table 3   The products of the photocatalytic degradation of NB 
reported in previous studies

Nanoparticle Products References

ZnO2 2-Nitrophenol
3-Nitrophenol
4-Nitrophenol

[38]

Fe0/Fe3O4/FeCl2 Aniline [50]
Fe3O4 2-Nitrophenol

3-Nitrophenol
4-Nitrophenol

[51]

Zero valent iron-persulfate Nitrosobenzene
Phenylhydroxylamine
Aniline

[52]

0.9ZnFe2O4/0.1Mn2O3 H2O
CO2
HNO3

This study
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6.7), T = 323 K, and 180 min of UV irradiation time were 
operated to determine the products of the photodegrada-
tion reaction of 50 ppm NB solution. Figure 13 repre-
sents the UV absorption spectra of nitrobenzene samples 
extracted at a predefined time interval after UV irradia-
tion. As the UV irradiation time rises from 0 to 180 min, 
the intensity of the representative absorption peak of NB, 
traced at 278 nm, decreases until completely disappears. 
GC/MS investigation was done on samples withdrawn at 
t = 0 and 180 min of the degradation reaction. As shown 
in Fig. 14, nitrobenzene is only detected at the begin-
ning of the reaction and nothing is detected at the end 
(t = 180 min). Furthermore, it is expected that NB could 
be degraded into nitrate ions, carbon dioxide, and water 
_ENREF_32 [48, 49]. Thus, the TOC removal percentage 
and nitrate concentration [NO3

−] were measured through-
out the reaction as revealed in Fig. 15. As the radiation 
time increases to 180 min, the TOC removal percentage 
rises until reaching 97%. Also, the nitrate concentration 
rises along with the drop of the solution pH to reach 4.7 
after 180 min. Thus, total photodegradation and miner-
alization of nitrobenzene into H2O, CO2, and HNO3 were 
achieved in the presence of 0.9ZnFe2O4/0.1Mn2O3 nano-
catalyst. It is worth mentioning that secondary pollutants 
were detected at the end of the degradation reaction of NB 
in previously reported studies and are listed in Table 3.

4 � Conclusion

The synthesis of ZnFe2O4/Mn2O3 nanocomposites by the 
coprecipitation method showed that the Mn2O3 deteriorates 
the ZnFe2O4 phase and leads to the formation of second-
ary phases. The morphology of pure NPs and NCs was 
investigated in TEM analysis. Pure ZnFe2O4 exhibited a 
higher specific surface area than pure Mn2O3 and ZnFe2O4/
Mn2O3 nanocomposites. In addition, the series of ZnFe2O4/
Mn2O3 with various weight fractions showed enhanced pho-
tocatalytic activity compared to that of pure ZnFe2O4 and 
Mn2O3 nanoparticles. Among the prepared nanocomposites, 
enhanced activity was exhibited by 0.9ZnFe2O4/0.1Mn2O3 
photocatalyst which is owed to the high separation rate of 
electron–hole pairs. The optimal conditions for the photo-
degradation of NB, represented by the presence of 25 mg of 
0.9ZnFe2O4/0.1Mn2O3 photocatalyst in a neutral medium 
(pH 6.7) and at 323 K, were performed for the analysis 
of the product of the reaction. The complete decomposi-
tion and mineralization of NB was revealed from the GC/
MS examination, TOC removal percentage, and nitrate 
ions concentration. Finally, the usage of the prepared 
0.9ZnFe2O4/0.1Mn2O3 photocatalyst in the photodegrada-
tion of NB has several advantages mainly its high separation 

rate of electron–hole pairs, magnetic separation, reusability 
and its ability to completely degrade and mineralize NB.
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